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Elastography, an imaging modality for mapping elastic modulus in soft viscoelastic materials, has been devel-
oped using magnetic resonance imaging and ultrasound imaging, but few studies were reported on using X-ray
imaging. We report on dynamic X-ray elastography, which relies on shear-wave propagation. We pneumatically
vibrated polyacrylamide gel phantoms and obtained two-dimensional maps of storage and loss moduli, which
were determined from temporal variation in displacement vectors of the vibrating particles in the phantoms. Our
experiment provided storage moduli with a precision of 30% and a spatial resolution was one order of magnitude
higher than other imaging modalities.
X-ray imaging has been used for medical diagnostics because of its high spatial resolution
and deep penetration depth. Conventional X-ray imaging, however, cannot visualize elasticity.
Pathological lesions often have higher stiffness compared to normal tissues. Manual palpation
has been used to find pathological hardening for a long time, but it is difficult to investigate
deeper and smaller pathological lesions that are desired to be detected in an early diagnosis.
To visualizing smaller and deeper pathological lesions, an imaging technique called elas-




static elastography, mapping local strain from displacement vector measurement when static
pressure is applied. It is necessary to measure both strain and stress to calculate Young’s
modulus. However, the static elastography cannot measure stress, and it therefore cannot map
Young’s modulus without modeling even for perfectly elastic materials. The other is dynamic
elastography, mapping shear modulus by using propagating shear waves. Dynamic elastogra-
phy can map shear modulus quantitatively from the velocity of the propagating shear wave,
which is calculated from not only spatial but also temporal variation in displacement vector.
Elastography was initially developed by using ultrasound (US) imaging2–4) and later using
magnetic resonance (MR) imaging.5) The use of MR and US elastography is expanding in the
clinical field. Furthermore, elastography has been reported in the field of optical coherence
tomography6) and photoacoustic imaging.7,8)
Although elastography has been realized by using MR, US, and other imaging techniques,
few studies were reported on X-ray elastography. Hamilton et al. pointed out potential diag-
nostic capability of the use of X-ray imaging for detecting pathological hardening by applying
ultrasound radiation pressure,9) but they did not achieve elastic modulus mapping. Kim et
al. reported static X-ray elastography, which visualized three-dimensional (3D) strain distri-
bution in a breastmimicking phantom.10,11) They successfully distinguished a hard inclusion
embedded in a matrix, but quantitative distribution of elasticity was not provided.
In this study, we report on the first successful dynamic X-ray elastography, which relies
on shear-wave propagation. For a demonstration, we prepared polyacrylamide gel phantoms,
in which ZrO2 particles are dispersed. We pneumatically vibrated the phantoms to generate
shear waves and obtained two-dimensional maps of storage and loss moduli, which were
determined from temporal variation in displacement vectors of the particles in the phantoms.
Our experiment provided storage moduli with a precision of 30% and a spatial resolution was
one order of magnitude higher than other imaging modalities. Our approach has potential to
find much smaller and deeper pathological lesions.
Figure 1 shows a schematic illustration of the experimental setup for the dynamic X-ray
elastography, which is similar to a setup for stroboscopic X-ray imaging,12) consisting of
a rotating-anode X-ray generator with a tungsten target (Rigaku, Ultra X18), a 1-mm-thick
tungsten chopper disc with a diameter of 80 mm, a sample on an acoustic device, and a CMOS
X-ray flat panel detector (Dexela, 2923). In Fig. 1, the horizontal and vertical directions
perpendicular to the optical axis (the y-axis) are defined by the x- and z-axes.
The acoustic device consisted of a 3D-printed vibration pad with a 5mm-diameter hole,
connected with a speaker (Fostex, FW168HR) through a flexible hose with inner and outer
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diameters of 19 mm and 22 mm. The sound from the speaker, which induced air pressure
vibration to vibrate the sample on the pad, was generated by using a power amplifier (Bose,
FreeSpace IZA250-LZ), which amplified sinusoidal signal from a data acquisition module
(DAQ) (National Instruments, USB-6002).
Figure 2 shows the image acquisition sequence. The sample was pneumatically vibrated
through the pad in the z-direction with a frequency of 150 Hz to generate shear waves in the
sample. The chopper disc, which has 10 slots, was rotated at 15 rps to illuminate the sample
by pulsed X-rays in synchronization with the air pressure vibration. The duty ratio of the
chopper was 1/9, which determined the width of the pulsed X-rays to be 0.74 msec. An X-ray
projection image of the sample was accumulated for 4 s, for which the shutter of the detector
was kept open. Note that the net time for which the sample was exposed by X-rays to obtain
an X-ray projection image was 0.44 s.
We obtained X-ray projection images at 5 different phases of the air pressure vibration
(0, 2π/5, 4π/5, 6π/5, 8π/5) with respect to a rotation angle of the chopper disc. The DAQ,
the X-ray chopper controller, and the flat panel detector were controlled by a computer. The
sinusoidal signal from the DAQ was synchronized with X-ray pulses by a trigger from the
X-ray chopper controller. After a waiting time for the shear waves in the sample to be stable,
which was 1 s, the shutter of the flat panel detector was opened.
We used a continuous spectrum X-ray beam from the X-ray generator which was operated
at 50 kV and 24 mA. The effective size of the X-ray source was 0.1 (horizontal) mm × 0.2
mm (vertical). The pixel size of the detector was 75 µm × 75 µm. The magnification of the
sample was 2.5, so that the effective pixel size at the sample was 30 µm × 30 µm.
We prepared two polyacrylamide gel phantoms (A and B) with different elastic moduli,
which were controlled by the concentrations of acrylamide and bis-acrylamide (crosslinker).
Polyacrylamide gel phantoms comprise water, 30% weight per volume (w/v) acrylamide/bis-
acrylamide mixed solution (37.5:1), 10% ammonium persulfate (APS) and TEMED (FUJI-
FILMWako Pure Chemical Corporation). As shown in Fig 3, each phantom sandwiched ZrO2
particles, which were used for two-dimensional displacement-vector mapping in the phantom
when shear waves were generated. PhantomAwas designed to have a uniform elastic modulus
with acrylamide and bis-acrylamide concentrations of 5% and 0.13%, respectivery. Phantom
B was to have a 55 mm-diameter hard inclusion with acrylamide and bis-acrylamide concen-
trations of 6% and 0.16%, respectivery, embedded in a matrix with the same concentrations
as Phantom A.
From the X-ray projection images at the 5 phases (Supplementary Movie 1), we obtained
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Fig. 1. Schematic illustration of experimental setup for dynamical X-ray elastography.
Fig. 2. Image acquisition sequence for dynamical X-ray elastography.
displacement maps in the horizontal and vertical directions as shown in Fig. 4 (Supplementary
Movie 2 for all the 5 phases in the horizontal and vertical directions). Here, we retrieved
displacement at each pixel in the maps by using a non-rigid registration algorithm available in
MATLAB(Version 9.5.0, TheMathWorks, Inc.,Natick,MA,USA), andButterworth bandpass
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Fig. 3. Polyacrylamide gel phantoms sandwiching ZrO2 particles. Phantom A (left): 5% polyacrylamide gel
phantom. Phantom B (right): phantom with 55 mm-diameter 6% polyacrylamide gel embedded in matrix of 5%
polyacrylamide gel
filtering13) for denoising. Non-rigid registration can obtain displacement field that aligns two
images non-linearly with local distortions. We used non-rigid registration algorithm, which
is non-parametric diffeomorphic image registration algorithm based on Thirion’s demons
algorithm.14)
Storage and loss modulus maps for the phantoms were reconstructed on the basis of the
incompressible algebraic inversion of the differential equation (AIDE)15) for an incompressible
material (∇ · u = 0, where u is the displacement vector). This algorithm is not affected by
interference such as wave reflection and refraction. In the AIDE, the complex shear modulusG





Here, ρ is density, ω is angular frequency of vibration, Ui is discrete Fourier transform of ui
with respect to time, where ui (i = x, y, z) is components of u. The complex shear modulus
can be expressed by G = G′ + iG′′, where G′ ≡ Re(G) and G′′ ≡ Im(G) corresponding to
the storage and loss moduli, respectively. Note that velocity v and damping factor α of shear










, and G′ corresponds to the
shear modulus when G′  G′′.
The density ρwas determined to be 1.07 g/cm3 by usingX-ray crystal interferometry,16,17)
which provides the number density of electrons. Pixelswith large errors in themaps of complex
shear modulus were excluded: a pixel with a relative errors
∆(∇2Ui)
∇2Ui





is the standard deviation of ∇2Ui obtained from repeated measurements, was linearly
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Fig. 4. Displacement maps for phantoms A ((a), (b)) and B ((c), (d)) at phase 0 ((a), (c): displacements in
vertical direction; (b), (d): displacement in horizontal direction) (Supplementary Movie 2 for all the 5 phases.)
interpolated from neighboring values.
Figure 5 shows the maps of the storage and loss moduli obtained for the two phantoms. It
can be seen that phantom A has an almost uniform storage modulus, while phantom B has a
high storage modulus in the inclusion with the higher concentration of acrylamide (enclosed
by a dotted circle).
The obtained storage moduli in the squares of (a)-1, (b)-1, and (b)-2 in Fig. 5 were 0.55 ±
0.26 kPa, 3.1 ± 1.2 kPa, and 0.86 ± 0.51 kPa, while the obtained loss moduli in the squares
of (c)-1, (d)-1, and (d)-2 were 0.24 ± 0.14 kPa, 0.63 ± 0.53 kPa, and 0.27 ± 0.19 kPa.
The obtained storage moduli were in the same order as those obtained by a rheometer,18)
although its oscillation frequency was much lower than that of our experiment. The obtained
results of the storage moduli from repeated measurements had a precision of 30%, but the
spatial variation of the storage moduli from Fig. 5. (a)-1 and (b)-1 were 47% and 37%, respec-
tively. Since the spatial variation is larger than the precision from repeated measurements, the
spatial variation can be explained by not only the random errors but also the spatial variation
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attributed to the phantom itself. The precisions of the obtained loss moduli in Fig. 5 were
reproducible with a 50%, which were worse than those of the obtained storage moduli. This
worse precision of loss moduli can be analytically explained by the law of error propagation.
We estimated the spatial resolution of our X-ray elastography from Fig. 5 (b) to be about
75 µm, which was one order of magnitude higher than other imaging modalities. Note that
the effect of the moving chopper on the complex shear modulus maps was negligible in our
experiments.
Fig. 5. (a), (b) Maps of storage moduli in phantoms A and B. (c), (d) Maps of loss moduli in phantoms A
and B.
Various methods can potentially be applied to further improve our dynamic X-ray elastog-
raphy. For example, X-ray phase-contrast imaging should make it possible to realize dynamic
X-ray elastography for soft materials without artificial markers. In the last two decades, X-ray
phase-contrast imaging has been highlighted because it provides better contrast than conven-
tional absorption-contrast imaging for soft materials.16,17, 19–27) There are several techniques
of X-ray phase-contrast imaging and two of them are compatible with a laboratory X-ray
source. One is the propagation-based imaging, which uses enhanced edge contrasts during
free-space propagation of X-rays.19,20, 22) The other method is grating-based X-ray imag-
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ing,23–35) which can provide three quantitative images, transmittance, differential-phase, and
visibility-contrast images, and high-spatial-resolution X-ray microscopes can also be real-
ized.36–40) Inner structures themselves visualized with high contrast by such an X-ray phase-
contrast imaging technique should be used for ‘markers’ for obtaining displacement maps
and enable us to realize dynamic X-ray elastography without artificial markers. It should
be emphasized that the precision of our X-ray elastography is not limited to 30% and can
be potentially improved to that comparable to MR elastography (typically, less than 20%).
One way to realize a higher precision is using the X-ray phase-contrast imaging techniques,
which can increase the number of the markers. Advanced data science methods such as sparse
modeling and data assimilation also have the potential to improve the precision. Thus, our
approach with a higher precision is potentially applicable to medical diagnostics near future.
Three-dimensional dynamic X-ray elastography should also be possible, but a long time that is
necessary for tomographic measurement may induce temporal change in shape of viscoelastic
materials. A solution to solve this problem should be reducing the number of projections and
using a sparse-view tomographic reconstruction algorithm based on compressed sensing33,41)
or a particle tracking algorithm used for velocimetry.42) Using multiple X-ray sources may
be useful for further reducing the measurement time.43) Using synchrotron radiation44) has
potential to shorten exposure time and detect dynamical change in elasticity with much better
spatial resolution inside a sample for the basic medical science.
Thus, our approach also has the potential tomake it possible to visualize three-dimensional
distribution of elasticity in viscoelastic materials.
In summary, we reported on the first successful dynamic X-ray elastography which relies
on shear-wave propagation. We demonstrated two-dimensional dynamic X-ray elastography
applying pneumatic vibration to two polyacrylamide gel phantoms and obtained maps of
storage and loss moduli with a net exposure time of 0.44 s × 5 = 2.2 s and an effective pixel
size of 30 µm and a spatial resolution of about 75 µm from the wave equation for shear
waves. We were able to distinguish a harder inclusion in a matrix with a precision of 30%,
which indicate that our approach is potentially applicable to medical diagnostics near future
by improving a precision.
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